Validation of technologies developed for loss of control (LOC) prevention and recovery poses significant challenges. Aircraft LOC can result from a wide spectrum of hazards, often occurring in combination, which cannot be fully replicated during evaluation. Technologies developed for LOC prevention and recovery must therefore be effective under a wide variety of hazardous and uncertain conditions, and the validation framework must provide some measure of assurance that the new vehicle safety technologies do no harm (i.e., that they themselves do not introduce new safety risks). This paper summarizes a proposed validation framework for safety-critical systems, provides an overview of validation methods and tools developed by NASA to date within the Vehicle Systems Safety Project, and develops a preliminary set of test scenarios for the validation of technologies for LOC prevention and recovery. − Wake Vortices − Turbulence • Maneuverability Constraints • Upset Onset Detection • LOC Prediction • Prevention, Detection, and Mitigation of Vehicle Impairment Conditions & their Effects − Vehicle / System Failures − Airframe / Engine Icing
I. Introduction
IRCRAFT loss of control (LOC) can result from a wide spectrum of hazards, often occurring in combination, which cannot be fully replicated during evaluation. 1 Technologies developed for LOC prevention and recovery must therefore be effective under a wide variety of hazardous and uncertain conditions. This requires the integration of technologies that can provide a comprehensive intervention strategy across a wide spectrum of LOC precursor conditions. [2] [3] The Vehicle Systems Safety Technologies (VSST) Project within the National Aeronautics and Space Administration's (NASA) Aviation Safety Program (AvSP), is developing technologies that address aircraft LOC prevention and recovery. This research falls within three technical challenges: 1.) Improve Crew Decision-Making under Complex Situations (CDM); 2.) Maintain Vehicle Safety between Major Inspections (MVS); and 3.) Assure Safe and Effective Control under Hazardous Conditions (ASC). Figure 1 provides an overview of VSST technologies related to LOC prevention and recovery.
Research within VSST for addressing LOC focuses on the prevention and mitigation of inappropriate crew control inputs, vehicle impairment conditions and effects, and external disturbances. LOC prevention and recovery is accomplished through research and technology development targeting each of these areas, as well as research and technology development to assess their flight safety implications and to provide anticipatory guidance to the crew and resilient flight systems.
Inappropriate crew response is often a causal or contributing factor in LOC accidents. Prevention of inappropriate crew actions is being addressed through the development of technologies for improved training, situation awareness, and flight deck countermeasures. Improved training is being enabled through the development of enhanced vehicle dynamics models and simulations that more accurately characterize LOC precursor effects, and by supporting the establishment of training standards for retaining improved manual flying proficiency. Improved situation awareness is being addressed by ensuring that information is provided on the current aircraft state, including energy and attitude states as well as any vehicle impairment conditions and the associated implications. Flight deck countermeasures for preventing and mitigating the effects of spatial disorientation and crew distraction are also being developed.
Vehicle impairment resulting from system and component failures or icing effects can also contribute to aircraft LOC. Methods for failure prevention are being developed under MVS and are accomplished through improved component design and early detection of anomalies. Real-time detection and mitigation of failures that do still occur, particularly those that directly impact vehicle dynamics and control characteristics, are being developed under ASC. Icing effects detection, identification, and mitigation are also under development within ASC. While the 1 Senior Research Engineer, Dynamic Systems and Control, 8 Langley Blvd., MS 308, and AIAA Associate Fellow. detection of environmental hazards is not explicitly being addressed under VSST, methods for the mitigation of their effects are being considered under ASC, with a focus on wake vortex and turbulence encounters. Multiple hazards effects from all of these categories are also being addressed under ASC, as well as methods for assessing their implications on flight safety. Specific aspects of flight safety being addressed include identification of maneuverability constraints resulting from vehicle impairment conditions, detection of the onset of a vehicle upset condition (in the presence of other hazards, including inappropriate control inputs by the crew), and LOC prediction methods. This information is provided to the crew as well as to the resilient vehicle systems.
Figure 1. VSST technologies that focus on LOC prevention and recovery.
The validation of technologies developed for LOC prevention and recovery, such as those summarized in Fig. 1 , poses significant challenges. The term "validation" in this paper refers to the confirmation that the algorithms are performing their intended functions (i.e., LOC prevention and recovery), and an affirmation of their effectiveness in these functions. The validation framework must provide some measure of assurance that the new vehicle safety technologies do no harm; i.e., that they themselves (individually and as an integrated system) do not introduce new safety risks. This paper summarizes methods, software tools, and test capabilities developed to date or under development for the validation of technologies developed for LOC prevention and recovery. A preliminary set of LOC test scenarios for use in technology evaluations is also proposed. Section II provides an overview of the validation framework under development, Section III provides a summary of advanced validation methods developed and applied to date, Section IV provides a discussion of validation requirements and presents a preliminary set of LOC test scenarios for use in technology validation, and Section V provides a summary and some concluding remarks.
II. Validation Framework for Integrated LOC Prevention & Recovery Technologies
The VSST Project seeks to address cross-cutting aviation safety challenges that require integrated system effectiveness across technologies developed by the three technical challenges, as indicated in Fig. 1 for LOC prevention and recovery. Future vehicle-related safety technologies must mitigate emerging risks related to increasing automation and system complexity, increasing traffic density, new vehicle designs and materials, new An overview of the validation framework based on the approach of Fig. 2 is depicted in Fig. 3 . This figure provides a high-level view of a comprehensive evaluation framework defined for integrated systems involving technologies for maintaining vehicle safety, assuring safe and effective control under hazardous conditions, and supporting crew decision-making under complex situations. In order to support the application of the framework of Fig. 3 for loss-of-control conditions, NASA is conducting research to improve analysis, simulation-based, and experimental methods under highly nonlinear flight conditions. These methods are summarized in Section III. Figure 3 . Overview of comprehensive framework for validating integrated safety-critical technologies developed for LOC prevention and recovery.
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III. Advanced Validation Methods for LOC Prevention and Recovery
Advanced validation methods are the subject of ongoing NASA research for the comprehensive evaluation of future technologies. One area of emphasis in this research is the development of methods for evaluating integrated system effectiveness for LOC prevention and recovery. These methods, including ongoing work and future directions, are described in the following subsections.
A. Advanced Analysis Methods
Current validation methods used by industry center around linear stability, performance, and robustness analysis methods combined with Monte Carlo simulations. The closed-loop system is analyzed at numerous trim conditions using linear methods, and nonlinear Monte Carlo simulations are used to provide confidence in system performance over the operational envelope. For nominal system design over relatively linear operating conditions, this approach may be adequate. For high-performance aircraft designed to operate under high angles of attack, this approach does not always uncover problems stemming from nonlinear dynamics and control characteristics. The F/A-18 falling leaf is a perfect example of these shortcomings. 6 Validation of systems designed to operate under highly nonlinear conditions and to mitigate numerous LOC precursor conditions (e.g., failures) requires new methods. Moreover, comprehensive Monte Carlo evaluations over the huge operational space that results may not be feasible. One approach to overcome this limitation might be to use advanced analysis methods to identify regions in the operational space that are potentially problematic, and then apply these analytical results to guided Monte Carlo analyses.
The use of advanced linear and nonlinear analysis methods for flight control system validation has been the subject of significant research in Europe. 7 NASA-sponsored research to date in advanced analysis methods has primarily focused on the development of methods and tools for analyzing the stability and robustness properties of nonlinear systems. Vehicle upset conditions can involve highly nonlinear flight dynamics, so these methods and tools are needed to gain insight into nonlinear dynamics and control mechanisms that can lead to LOC, and for assessing the effectiveness of technologies developed for LOC prevention and recovery. Analytical methods and
Assuring Safe Control (ASC) Algorithms Design
Maintaining Vehicle Safety (MVS) Algorithms Design
Crew Decision Making (CDM) Algorithms Design
Analysis
Simulation Testing software tools have been developed for nonlinear region of attraction analysis, 8 uncertainty quantification and stochastic robustness analysis of nonlinear systems, 9 and nonlinear dynamics and control analysis. 10 The region of attraction for a nonlinear system provides an indication of the region of stability around an equilibrium point. For a nonlinear closed-loop system, this can be thought of as a measure of local robustness about a trim condition. Finding the exact region of attraction analytically may not be possible. 11 However, recent methods have been developed for estimating regions of attraction using Sum-of-Squares (SOS) techniques (see Ref. 8) , and they have been successfully used in analyzing closed-loop systems associated with the F/A-18 falling leaf mode. 12 Advanced linear robustness analysis methods were also applied to the F/A-18 falling leaf problem. 13 Assessing the risk of unlikely events (e.g., failures) is also an important problem. Probabilistic  analysis methods were developed to bridge the gap between worst-case analysis and probabilistic measures of rare events. 14, 15, 16, 17 These methods were recently applied to an example flight control problem and the analysis results compared with worst-case and Monte Carlo analysis to emphasize the potential benefits of combining worst-case analysis with traditional probabilistic methods. 18 Uncertainty quantification and stochastic robustness analysis methods have also been developed for nonlinear systems involving uncertain parameters (see Ref. 9) . The associated analysis tool provides a methodology for evaluating the robustness of a control system relative to its ability to satisfy multiple design requirements. 19 This methodology provides the ability to bound the region in the uncertain parameter space where the degradation in open-loop or closed-loop performance remains acceptable. The uncertain parameters can be represented using deterministic or probabilistic models. The analysis framework allows high-order models and arbitrary control structures, with arbitrary functional dependencies between the requirements and the uncertain parameters. The design requirements are specified as hard inequality constraints. This analysis method has been applied to the determination of the safely recoverable flight envelope near stall. 20 This methodology has also recently been extended to a unifying framework that includes mixed aleatory and epistemic uncertainties represented in polynomial functional forms. 21 Nonlinear dynamics and control analysis methods and tools have also been the subject of NASA-sponsored research (see Ref. 10 ). Among the tools available for analyzing nonlinear flight characteristics is that of bifurcation analysis using continuation methods. 22 This tool allows efficient generation of one-parameter trim curves. A related method using symbolic computing generates multi-parameter trim surfaces. 23 These procedures can be supplemented to produce linear parameter varying (LPV) models that are useful for investigating controllability and observability properties, performing linear analysis over a nonlinear parameter space, as well as for designing gain scheduled linear regulators and parameter adaptive controllers. These methods and tools have been applied to the analysis of transport aircraft under LOC conditions. 24 Other significant methods and tools for nonlinear bifurcation analysis have been developed 25 and applied to high-performance aircraft [26] [27] and to aircraft LOC problems. 28 Validation of diagnostic systems poses significant technical challenges, but has received less attention. Initial work in this area focused on the application of generalized polynomial chaos (gPC) theory to model diagnostic system performance and on the development of a diagnostic validation framework to address the interactions between diagnostic systems and inner-loop control systems. [29] [30] This methodology has been applied to an example system that is representative of advanced diagnostic algorithms. 31 These analysis methods should be used in a coordinated manner with each other and with advanced simulation methods, as suggested by Fig. 3 , in order to identify potential regions in the operational space (including LOC precursor conditions) within which the closed-loop system is potentially inadequate relative to stability, performance, robustness, and/or coverage.
B. Advanced Simulation Methods
In order to conduct simulation evaluations of technologies developed for LOC prevention and recovery, the simulation must be capable of characterizing the vehicle dynamics and control effects of LOC precursor conditions, including vehicle upset conditions, vehicle impairment, and external disturbance effects. This is not the current state-of-the-art in transport aircraft simulations, because the modeling of LOC precursor effects poses significant technical challenges. In particular, these effects require multidisciplinary modeling methods, and they involve modeling of nonlinear and unsteady dynamics effects. The development of advanced modeling and simulation methods for LOC characterization in transport aircraft has been the subject of significant research within NASA over the past 10-15 years.
Significant advances have been made in vehicle upset modeling and simulation for transport aircraft. 32 These advances address a critical need for improved stall training for commercial 33, 34 and military 35 transport pilots. Continuing research in this area is underway to develop upset models that meet requirements for improved crew training recommended by the International Committee for Aviation Training in Extended Envelopes (ICATEE). 36, 37 Moreover, representative upset modeling methods are being developed, including those under the VSST Project, for characterizing upset characteristics across classes of transport aircraft with similar geometric features and dynamical properties. These representative modeling methods are vital to supporting improved training in a cost-effective and timely manner and are also needed for enhanced engineering simulations. While the development of enhanced training simulations is a critical near-term need for improved pilot training, the development of enhanced engineering simulations for the development and evaluation of LOC prevention and recovery technologies is an equally important need and an even greater technical challenge. Figure 4 provides a depiction of a proposed stall modeling envelope for crew training. The red trace in Fig. 4 illustrates the excursions that can occur in extreme LOC accidents. As indicated in the figure, these excursions in angles of attack and sideslip can go well beyond the improved training envelope. While training is expected to significantly reduce LOC accidents, it is unlikely that training can eliminate all long-term causal factors, such as those due to structural damage or changes in operational conditions. Moreover, training may not fully replicate the element of surprise and the panic that ensues under conditions such as these, nor can it fully predict (or prescribe) the human response under time-critical lifethreatening complex situations. Onboard systems technologies that can provide LOC prevention and recovery under these extreme conditions are therefore also needed for effective LOC accident prevention (see Ref. 2 and 3) . For the development and evaluation of these technologies, enhanced engineering simulations are needed across the entire envelope illustrated in Fig. 4 . This therefore poses an even greater modeling and simulation challenge.
Another area of significant modeling and simulation research and development is in characterizing vehicle impairment conditions resulting from vehicle damage and icing effects. Vehicle damage can result as a collateral effect of system failures (e.g., uncontained engine failures 38 ) and maintenance errors (e.g., insufficient lubrication of control surface fasteners 39 and undetected fatigue cracks in the airframe structure 40 ). Vehicle damage can also result from design errors and/or inappropriate crew response. 41 Recent and ongoing research in this area is being performed in collaboration with the United States Air Force, who also has a high interest in the safe flight of damaged transport aircraft. 42 Recent and ongoing research into icing effects focuses on airframe icing 43 as well as engine icing. [44] [45] The modeling and detection of airframe icing effects under turbulence conditions is also the subject of current research, [46] [47] as is the modeling and detection of engine icing effects. 48 Simulation-based evaluation methods are also being used to evaluate the potential effectiveness of integrated flight and enhanced propulsion control capability for LOC prevention and recovery, 49 as well as for determining the achievable dynamics of an impaired vehicle. 50
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C. Integrated and High-Risk Experimental Testing
Integrated ground testing across VSST technologies for LOC prevention and recovery will be performed in the Systems and Airframe Failure Emulation, Testing, and Integration (SAFETI) Laboratory. The SAFETI Lab is being developed to provide modular hardware-in-the-loop capability, including advanced programmable avionics systems, actuators, and sensors. A linked-lab capability will enable the interconnection of laboratories within NASA Langley, NASA, or elsewhere. The distributed multidisciplinary test capability of the SAFETI Lab will enable the closed-loop evaluation of error propagation and containment between integrated safety-critical subsystems, including the effects of missed detections, incorrect decisions, and inappropriate control actions. Reference 4 has a more detailed description of the SAFETI Lab.
In-flight testing under LOC precursor conditions is essential for the evaluation of vehicle dynamics models as well as onboard system technologies. Full-scale testing is essential for evaluating flight deck technologies. However, full-scale aircraft cannot be flown into high-risk LOC precursor conditions. To address this critical need, the Airborne Subscale Transport Aircraft Research (AirSTAR) Testbed was developed. 51 Figure 5 shows the various components of the AirSTAR Testbed. This test capability consists of flying subscale aircraft (some dynamically scaled transport aircraft), as well as ground facilities for laboratory pre-flight testing and deployments. The mobile operations station (MOS) supports deployments and provides a pilot station from which the research pilot executes research flight test plans. The MOS also has stations for researchers and test engineers. To date, 58 research flights have been conducted on the remotely piloted generic transport model (GTM) T2 aircraft, a 5.5% dynamically scaled conventional (i.e., conventional tail with twin wing-mounted engines) transport flying model. Within these 58 research flights, 4 vehicle dynamics LOC modeling studies were performed, and 10 advanced control laws evaluated under a high-workload offset landing task with destabilized dynamics in pitch and roll as well as degraded control capability (i.e., 50% loss of elevator effectiveness). This research was accomplished within visual range of a safety pilot using a hand-held remote control for takeoff and landing (and for taking control from the research pilot in the event of a transmission failure in the MOS). Future directions will involve testing of T-tail aircraft under beyond visual range (BVR) operations. BVR capability will permit flying at altitudes above 1500 ft over the test range. The extension to BVR operations is needed for extending the achievable flight envelope for conventional and T-tail aircraft testing, as illustrated in Figure 6 
D. Real-Time Monitoring
NASA has recently developed several onboard methods for monitoring system behavior. A run-time stability margin estimation method and tool have been developed for monitoring control law stability margins online in quasi-real-time, and a preliminary evaluation of this method was performed using the AirSTAR Testbed. 53 Future directions will include real-time monitoring of new metrics being developed to characterize flight safety and for predicting LOC.
IV. Technology Validation for LOC Prevention and Recovery Effectiveness
Validation of technologies developed for LOC prevention and recovery will require extensive testing and evaluation to ensure technology effectiveness, to identify limitations, and to assess LOC coverage. The following subsections address the validation of modeling and simulation and onboard systems technologies.
A. Validation of Modeling and Simulation Technologies
Accurate models and simulations that can effectively characterize LOC conditions are critical to the establishment of improved training and for the development and evaluation of onboard systems for LOC prevention and recovery. Validation of enhanced models and simulations for LOC characterization is a significant challenge requiring the use of flight test data, accident data, and experimental test data. Figure 7 illustrates this approach for validating upset models.
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AirSTAR T2 airplane test envelope (orange dashed line) using current capabilities While flight test data and accident data are essential for vehicle dynamics model validation, they may not be sufficient for post-stall modeling envelopes needed for the validation of onboard systems technologies. Under the VSST Project, experimental test data from the AirSTAR Testbed will be used to supplement full-scale flight data and accident data. The validity of computational fluid dynamics (CFD) data will be established using wind tunnel and subscale flight test data. Icing effects data will be obtained via wind tunnel tests and CFD methods and evaluated against accident data where available. Failure and failure effects data (and damage effects) will be obtained via wind tunnel testing and CFD and substantiated using accident and subscale flight testing.
B. Validation of Onboard Systems Technologies
Onboard system technologies must be comprehensively evaluated using analysis, simulation, and experimental test methods, as described in Sections II and III. The simulations used in the evaluations should be validated relative to characterization of LOC conditions, as discussed in Section IV.A. Moreover, the onboard system technologies depicted in Fig. 1 must be evaluated individually and as integrated systems for their LOC prevention and recovery effectiveness, limitations in LOC coverage, and subsystem error propagation effects. Figure 3 outlines a framework for doing this. In order to accomplish a thorough evaluation of technology effectiveness for LOC prevention and recovery, and the associated coverage of LOC precursor conditions that relates to current and future risks, a set of LOC test scenarios is needed.
The LOC analysis of Ref. 1 identified 52 unique LOC sequences, based on temporal ordering of causal and contributing factors, that were associated with the 30-year accident data set used in the analysis. These sequences were combined and generalized in order to obtain a smaller, more actionable set. A set of seven generalized LOC sequences was defined, which are representative of 88.9% of the accidents and 90.8% of the fatalities considered in Ref. To develop a preliminary set of LOC test scenarios, 20 LOC hazards in four precursor categories and 10 future risks were defined. Table 1 summarizes the LOC hazards by precursor category, including adverse vehicle conditions, inappropriate crew response, external hazards and disturbances, and vehicle upset conditions. It should be noted that for the purpose of defining test scenarios, the first two categories (adverse vehicle conditions and inappropriate crew response) were split from the category "adverse onboard conditions" of Ref. 1 . Future potential risks are defined in Table 2 based on current and future trends. This list adds several trends and risks relative to those considered in Ref. 1 . Table 3 summarizes the accidents covered by the generalized sequences of Ref. 1 . The bracketed accident sets in Table 3 correspond to each unique sequence identified in Ref. 1 for the accident set considered.
A preliminary set of 60 LOC test scenarios was developed (see Appendix A) based on the accident set of Ref. 1 and the initial set of potential future LOC risks defined in Table 2 . This preliminary set contains scenarios involving from one to four LOC precursors from the hazards categories of Table 1 . The recommended methods of evaluation for each scenario are also provided. The scenario set of Appendix A can be reduced to the LOC problem focus defined in Fig. 8 by deleting scenarios involving precursors that are not contained in the near-term focus set (e.g., those involving damage and wind shear). Coverage of the accident and future risk sets by these scenarios is provided in Appendix B. Each LOC test scenario is related to the generalized sequence and associated accidents defined in Tables 1 and 3 from Ref. 1, and the future risks identified in Table 2 . As indicated in Appendix B, 115 accidents of the 126 accident set (or 91.3%) are covered by the LOC scenario set, and 9 of the 10 future risks are covered (or 90%). Future risk 2 was not explicitly covered by the scenarios but would be associated with any scenario involving upset if evaluated for a future vehicle configuration. An example of this would be the evaluation of a blended wing-body configuration's upset characteristics for which little is currently known. A cumulative count of accidents and future risks coverage is also provided in Appendix B in order to account for coverage of a subset of scenarios.
The LOC test scenarios provided in Appendix A are preliminary in that they are based on a preliminary set of accidents from Ref. 1 and potential future risks defined in Table 2 . It is recommended that a sanctioned set of accidents and future risks be defined and an associated set of LOC test scenarios be developed in collaboration with a LOC Working Group (see Section II. B. of Ref.
3) in order to consider a full set of agreed upon hazards. Incidents may also be considered in this development. The resulting LOC scenarios can be used when evaluating the guidance, control, and systems (GCS) technologies defined in Ref. 3 , as well as the integrated capabilities depicted in Fig. 1 , using the comprehensive validation framework depicted in Fig. 3 and described 
V. Summary and Concluding Remarks
This paper has provided a summary of the validation technologies developed to date within the VSST Project of the NASA AvSP for the evaluation of LOC prevention and recovery technologies. Specifically, analytical, simulation, experimental testing, and real-time monitoring technologies were summarized and key references provided on the status of their development and application to LOC example problems. Analytical methods and tools have been developed for analyzing the stability, robustness, and dynamics and control characteristics of nonlinear systems. These methods have individually been applied to LOC example problems. Enhanced vehicle dynamics modeling methods have been developed for characterizing LOC hazards effects in simulation. These enhanced simulations will be used for improved pilot training and for the development and evaluation of onboard systems technologies for LOC prevention and recovery. The validation of vehicle dynamics models developed for LOC characterization was discussed in the context of enhanced training and engineering simulations. A proposed stall modeling envelope for crew training was presented and related to a broader envelope that is needed for onboard systems technologies development and evaluation. The onboard systems technologies being developed under VSST for LOC prevention and recovery were summarized. The validation of these technologies was discussed and a proposed validation framework reviewed for the resulting integrated systems. Validation of these systems will require extensive evaluation under realistic LOC scenarios. A preliminary set of LOC test scenarios was developed based on the accident set of Ref. 1 and future potential risks. Coverage by the test scenarios of the accidents and future risks was evaluated, and it was determined that the preliminary LOC test scenarios cover 91.3% of the accidents and 90% of the future risks considered in this paper. Development of an endorsed set of LOC test scenarios based on a more complete set of accidents and future potential risks will be the subject of future work. This will be accomplished in collaboration with a LOC Working Group that is being established or with other researchers. Such a set of test scenarios will be used in the evaluation of the GCS and LOC technologies that are currently under development within the VSST Project. 
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